Abstract: Metallic nanostructures with nanometer gaps support hybrid plasmonic modes with an extremely small mode volume and strong local field intensity, which constitutes an attractive plasmonic platform for exploring novel light-matter interaction phenomena at the nanoscale. Particularly, the plasmonic nanocavity formed by a metal nanoparticle closely separated from a thin metal film has received intensive attention in the nanophotonics community, largely attributed to its ease of fabrication, tunable optical properties over a wide spectral range, and the ultrastrong confinement of light at the small gap region scaled down to sub-nanometer. In this article, we review the recent exciting progress in exploring the plasmonic properties of such metal particle-on-film nanocavities (MPoFNs), as well as their fascinating applications in the area of plasmon-enhanced imaging and spectroscopies. We focus our discussion on the experimental fabrication and optical characterization of MPoFNs and the theoretical interpretation of their hybridized plasmon modes, with particular interest on the nanocavity-enhanced photoluminescence and Raman spectroscopies, as well as photocatalysis and molecular nanochemistry.
Introduction
Metallic nanostructures have played an important role nowadays in materials science and photonic research because they support localized surface plasmons (LSPs) that can strongly confine light into the deep subwavelength volume. Such significant field localization not only results in strong light absorption and scattering enhancement of plasmonic nanostructures favorable for advanced photothermal therapies [1] and high-contrast label-free bioimaging [2] but also produces intense electric fields for boosting various optical effects, such as surface-enhanced Raman scattering (SERS) [3] , photoluminescence [4] , and coherent nonlinear processes (harmonics generation, four-wave mixing, etc.) [5, 6] .
Up to now, various metal nanostructures have been fabricated, including not only individual nanoparticles of different shapes like spheres, rods, and cubes, etc. but also complex constructs formed by rational assembling of two or more individual nanoparticles, such as nanosphere dimers and trimers. The later ones are particularly attractive because they possess narrow gaps that enable more efficient light confinement than the individual constitute particles do and thus provide much stronger field intensities for enhanced light-matter interaction. In addition, the plasmon coupling between constitute particles can produce more diverse and intriguing plasmon modes, which provides more freedom to manipulate the optical properties of assembled nanostructures. Typical examples include bonding and anti-bonding plasmon modes in a metal nanoparticle dimer [7] , super-radiant and sub-radiant plasmons in ring/disk nanocavities [8] , and plasmonic Fano resonances [9] in metal nanoparticle oligomers. The gapped plasmonic nanostructures are usually fabricated with lithographic methods. These fabrication methods allow for a flexible design of the nanostructure geometries, but the readily available gap sizes are typically limited to above 15 nm [5] . Self-assembling approach has also been employed to form complex nanostructures. This method allows for fabrication of plasmonic gap size with sub-nanometer scale, but accurate control over the gap size is difficult. Moreover, it is challenging to precisely place active materials (say, quantum emitters) into the nanogaps of such planar structures, which are highly demanded for advanced photonic research and applications, such as cavity quantum electrodynamics [10] and low-threshold nanolasers [11] .
The plasmonic nanocavity formed by a closely spaced nanoparticle and metal film, namely a metal particle-onfilm nanocavity (MPoFN), seems as a promising platform for plasmon-enhanced spectroscopy ( Figure 1 ) and has been studied intensively in the past years [12] [13] [14] [15] [16] [17] [18] [19] [20] . Benefiting from the well-established technologies for thin film deposition and planar spacer fabrication [14, 21] , the particle-film gap distance in a MPoFN can be readily controlled for realizing tunable plasmonic properties [12] . The minimal gap size can be even scaled down to the sub-nanometer scale, which makes it possible to study some interesting quantum plasmonic phenomena such as spatial nonlocality [22] and quantum tunneling effect [23] . Moreover, the stacked fabrication procedure largely facilitates the integrating of various active materials into the gaps between the nanoparticles and the metal film, rendering the MPoFN a versatile plasmonic platform that has triggered a series of breakthrough in photonic research and applications, including plasmonic nanolasers at deep subwavelength scale [24] , realization of huge spontaneous emission enhancement [25, 26] , and more recently, single molecule-light strong coupling at room temperature [27] and single molecule optomechanics in "pico-cavities" [28] .
Here, we present a comprehensive review of the nanophotonic researches and applications of MPoFNs. The main content begins with an introduction of the fabrication methods to construct the metal nanoparticleon-film structures. Then, we summarize the key experimental techniques and tools for optical characterization of the plasmonic responses of individual plasmonic nanoparticle-on-film structures. In the same section, several typical analytical models and numerical methods for studying the optical responses of MPoFNs are also discussed. Subsequently, we discuss the optical properties of various metal film-coupled nanostructures in great detail, followed by several sections reviewing their wide spectrum of applications in plasmon-enhanced Raman spectroscopy, spontaneous emission, as well as photocatalysis and molecular nanochemistry. Finally, we conclude the review by a prospective of this kind of compact nanocavities in future nanophotonic researches and applications. The gold nanosphere is 100 nm in diameter and spaced from the film by a 1-nm-thick dielectric layer with a refractive index of 1.5. The excitation source is set by a plane wave glancing at the film with polarization oriented in the incidence plane.
Fabrication of MPoFNs
In plasmon-enhanced spectroscopy applications, flexible manipulation of the plasmonic resonances of metal nanostructures is often required to attain optimal lightmater interactions, such as spectrally or spatially overlapping with active materials [29] . These spectral or spatial manipulations are typically achieved by engineering the geometry and composite of the plasmonic nanostructures or the dielectric index of the ambient media. Particularly, for the nanostructures closely separated from a large enough metal film, the plasmonic properties of the whole system are dominantly determined by the strong plasmon coupling between the real nanostructures and their corresponding images in the metal film. This suggests that precise control of the gap distance between the nanoparticles and the underlying metal film is crucially important. In this section, we particularly focus on the fabrication technologies of thin spacers that have been developed for achieving reliable control over the particlefilm gap distances scaled down to the sub-nanometer scale.
For the simplest case in which a single nanoparticle is coupled to a metal surface ( Figure 1A) , two fabrication configurations have been frequently employed to insulate them from each other. One of these two configurations is to separate the nanoparticles from the metal film by inserting a thin planar dielectric layer in between them, as schematically indicated in Figure 2A . The other one, however, uses a dielectric shell coating around the nanoparticles to avoid direct contact with the underlying film ( Figure 2B ). Within the frame of these two configurations, various solutions have been developed for precise controlling of the gap distance in metal film-coupled nanoparticles. [12] . (D) Illustration for inorganic dielectric film deposition for thickness controllable spacer by the ALD method. P A (P B ) refers to precursor A (precursor B), while "Byp." is short for byproduct. Redrawn from [30] . (E) Layered 2D materials act as the spacer between the nanoparticles and the underlying film. Extracted from [31] . (F) Gap distance control with the SAMs of amine-terminated alkane thiols of different chain lengths. The spacer thickness is determined by the chain length and thus depends on the number of chained carbon atoms. Extracted from [21] . (G) Electronic scanning micrographs of the metal nanoparticles coated by sub-nanometer-thick dielectric shell (upper) and schematic of the metal film-coupled nanoparticles dimers (bottom). Partially redrawn from [32] .
As for the planar spacer fabrication, a well-developed solution is the layer-by-layer (LBL) method, as schematically described in Figure 2C . The principle of such LBL method is to deposit the poly-electrolyte (PE) spacer consisting of alternating monolayers of positively charged poly-(allylamine) hydrochloride (PAH) and negatively charged polystyrene sulfonate [33] . Since the thickness of each PE monolayer is constant, the total thickness of the spacer is determined by the number of the monolayers deposited. Note that all LBL depositions are initiated and terminated with a PAH monolayer to facilitate both the attachment of the bottom layer to the underlying gold film through amine-gold interactions and the electrostatic stabilization of the negatively charged gold nanoparticles to the top PE layer [21] . Ellipsometry measurements indicate that the readily obtainable spacer thicknesses with this method are typically in the range of 2-20 nm (bottom in Figure 2C ). Similar to the LBL approach, fabrication of nanoscale-thick inorganic spacers has also been demonstrated by using the top-down approach, particularly the atomic layer deposition (ALD) method [30] . Spacer thickness control is achieved by launching a different number of ALD circles. As illustrated in Figure 2D , only one molecule layer is deposited on the substrate in each ALD circle. The final spacer thickness is thus dependent on the number of layers or ALD circles. With this wellestablished planar deposition technology, fabrication of robust inorganic material spacers (Al 2 O 3 , MgF 2 , etc.) with controllable thickness at the nanoscale has been realized [24, 34] . For example, a planar SiO 2 layer as thin as 2 nm has been demonstrated as a spacer separating the gold nanoparticles and the metal film [14] . To fabricate spacer layers with thickness approaching the sub-nanometer scale, i.e. ranging from a few angstroms to a few nanometers, a method using self-assembled monolayers (SAMs) of amine-terminated alkanethiols with different chain lengths has been proposed [21, 22] . As indicated in Figure 2F , the spacer is formed when the alkanethiol molecule monolayer is self-assembled on the metal surface. Its thickness depends on the length of individual alkanethiol molecules, which is determined by the number of constituent carbon atoms. By employing alkanethiol molecules with different numbers of carbon atoms, the monolayer thickness can be precisely controlled within the length range of 0.5-2 nm. Such ultrathin layer spaced nanoparticle-film constructs are highly demanded because they show great potential as candidate platforms to address quantum plasmonics such as quantum tunneling and nonlocal effects [35] [36] [37] . Two-dimensional (2D) materials, such as graphene and layered transition metal dichalcogenide semiconductors, have been recently demonstrated as natural yet promising candidates for fabrication of ultrathin spacers, for example as shown in Figure 2E [38, 39] . Due to the atomic thickness of the monolayered 2D materials, the obtainable spacer size can be scaled down to a few angstroms. Similar to the LBL approach, incremental layer numbers of such 2D materials can expand the gap size to a larger scale, typically a few nanometers, fabricated with the mechanical exfoliation or chemical vapor deposition methods. For details of the synthesis methods of layered 2D materials, interested readers may refer to [40, 41] .
When nanoparticles coated with dielectric shells are directly deposited on a metal film, the gaps between the nanoparticles and the metal film are naturally formed with gap distances totally determined by the thickness of the coating shells ( Figure 2B ). Therefore, tuning the particle-film gap sizes can be simply realized by controlling the shell thickness, and the solutions once developed for controlling the interparticle distances in nanoparticle dimers can be seamlessly applied here [42, 43] . Previous studies using this approach have demonstrated tunable particlefilm distance down to 1 nm scale with silicon dioxide shell [44] . Besides, in constructing more complex plasmonic constructs with metal films involved, this shell-isolation configuration may be the only solution. As in the film-coupled nanoparticle dimer ( Figure 2G ), the dielectric shell enclosing the nanoparticle elements guaranties the insulating near-field coupling between different metal parts, and thus the formation of multiple field hot spots residing in particle-particle and particle-film nanogaps. Such composite plasmonic constructs with multiple nanogaps, as will be discussed later, usually exhibit sensitive polarization-dependent optical properties, which enables selective activation of emitters inside the different gap regions [32, 45, 46] .
In the aforementioned approaches for tuning nanoparticle-film gap distances, the structure geometries are fixed once the fabrication ends. This greatly hinders the dynamic control of their optical properties, which is unfavorable in some in situ spectroscopy applications. Nevertheless, metal nanoparticle-on-film constructs with dynamically controllable gap distances have been demonstrated in a few past studies [17, [47] [48] [49] . One of them uses the direct current (DC) electric field to drive the nanoparticles toward or away from the underlying metal film ( Figure 3A) . However, this approach requires that the nanoparticles are negatively charged with specified surfactant decorations. For dynamic spacer control of neutral nanoparticles above metals, methods based on the electrochemical oxidization of reactive metals like aluminum (Al) have been developed [47, 49] . In these solutions, the spacer layers are progressively formed at the metal surface through electrical oxidization ( Figure 3B ), and the resultant spacer thickness can be readily controlled by the oxidization conditions, such as the applied electric field intensity, immersion composite, etc. Besides electrical control approaches, light irradiation can also act as a stimulus to trigger the controllable gap forming at the particle-film contact. A representative of such methods is the so-called plasmon-induced polymerization [48] . As depicted in Figure 3C , upon laser irradiation, the thiophenol SAM (~0.6 nm thickness) on the Au substrate expands its volume and thereby progressively increases the gap distances. While increasing the gap distance results in a continuous blue-shift of the gap plasmon resonance, it is interesting to find that the monolayer polymer growth terminates when the resonance spectrally shifts to the irradiation wavelength. Such self-limiting mechanism can provide a programmable way to tune the plasmon resonances of gapped nanostructures by simply selecting the irradiation wavelength.
Another important concern in constructing MPoFNs is the metal surface roughness. The plasmonic responses of MPoFNs can be modified by poor film roughness, which produces local morphology distortion in the nanocavities. The resulting deviation from design geometries inevitably degrades the functional performances of nanodevices or components based on MPoFNs [13] . The root-meansquared (RMS) roughness of metal films deposited by readily accessible technologies and methods such as sputtering, thermal/electric evaporation and pulsed laser deposition, etc. [50] , is typically a few nanometers [51] . To further improve metal film quality, the templatestripping method was developed by Butt et al. [52, 53] and Hegner et al. [54] and recently applied in the fabrication of MPoFNs [39] . Taking gold film deposition as an example, a schematic illustration of the template-stripping process is presented in Figure 4A . Firstly, the gold film is deposited onto a naturally flat template by common evaporation methods. The templates can be mica or polished wafers, which are cleaved along the crystal directions and thus possess an atomically smooth surface. Then, a mechanical support (silica, for example) is glued onto the metal film through the spin-coated epoxy layer. Finally, the original deposition substrate is peeled off, leaving an ultrasmooth gold surface with roughness comparable to the template. Obviously, this process allows for the preparation of atomic smooth metal surface with large areas, which are solely limited by the size of the template materials. Previous studies reported a measured RMS roughness of 0.2 nm for template-stripped gold films, largely surpassing the thermally evaporated ones (right column in Figure 4B ), with a typical RMS roughness of ~1.45 nm (A) Schematic of nanoparticles driven toward or away from the underlying film upon applying an external electric field across the gap junction. Extracted from [17] . (B) Controllable electrochemical oxidization of the metal surface to form a dielectric layer, which gradually separates the particles from the metal substrate. Extracted from [47] . (C) Plasmon-induced polymerization of the monolayer polymer on metals expands its volume upon light irradiation, progressively driving the particles away from the metal film. Extracted from [48] . [55] . As indicated in Figure 4B , significantly improved film roughness has also been demonstrated for several other metals (Ag, Pd, Pt, etc.) by using this template-stripping method [56] .
An additional benefit with this method is the capability to store the metal film in the sandwich configuration without inducing any contaminations to the gold surface. As shown in step (iii) in Figure 4A , the gold film is sandwiched in between the template and support layers, which prevents the metal surfaces from being exposed to ambient environment [57] . Therefore, fresh gold films can be obtained on demand by cleaving the sandwiched structures. Note that the metal nanoparticles are typically fabricated using chemical synthesis methods and thus possess crystallized-structure bonded surface roughness [58] . Although the single-crystalline metal film flakes have also been demonstrated with chemistry-based approaches [59, 60] , the obtainable film sizes are small, typically limited to the micrometer sized scale.
Optical characterization and analytical tools
Characterizing MPoFNs by some near-field probe approaches such as electron energy loss spectroscopy and scanning near-field optical microscopy is usually problematic. This is because the field hot spots in MPoFNs are mainly confined in the gap regions between the nanoparticles and the metal films, where the near-field nanoprobes cannot be accessed. Thus, studying the plasmonic responses of these cavity structures heavily relies on some invasive techniques, such as far-field optical spectroscopy. Particularly, the dark-field microscopies have become an indispensable tool to investigate the optical properties of individual plasmonic nanostructures via inspecting their scattering responses. With polarization-resolved dark-field spectroscopy, not only the radiative plasmon modes can be directly identified, but also some dark modes can be captured by properly configuring the illumination condition [61] . Individual plasmonic nanostructures with asymmetric geometry usually exhibit polarization-dependent optical responses, which means that different plasmonic modes can been excited only by the specified incidence polarizations [62] . In the individual metal film-coupled nanoparticles, the gap plasmon mode originating from the vertical bonding between the nanoparticle dipole and its induced one in the film can produce the strongest field localization in the gap. Therefore, excitation of such gap mode is highly desired in plasmon-enhanced applications, such as the Raman scattering [63] , spontaneous emission [29] , and nonlinear optical effects [64] .
In the standard optical dark-field microscopy systems, incoherent white lights are widely used to illuminate the nanostructures samples (left in Figure 5A ). This standard white light illumination permits optical examination of the plasmonic responses in a wide spectral range. However, the unpolarized features of the illumination enable simultaneously exciting multiple plasmon modes polarized in different directions, thus making it difficult to resolve the physical origins of distinct plasmon resonances. Due to the large focusing cone of the dark-field objectives, even pre-polarized incidence, for example light beam filtered by a liner polarizer, can be severely distorted when reaching the focal plane [62] . To address this issue, improved dark-field illumination configurations with polarization controlling modules have been developed and integrated into the standard microscopy platforms [20, 62] . A representative is depicted in Figure 5A (right column). The incidence polarization of the beam from the illumination arm can be continuously tuned between the in-plane (parallels to the substrate) and outof-plane (nearly parallels to the substrate norm) states. This illumination configuration is particularly suitable for characterizing the gap plasmon modes supported in MPoFNs because these modes are most efficiently excited upon the out-of-plane polarization illumination, which, however, is usually mixed with the in-plane polarization and takes a small intensity proportion of the illumination in the standard dark-field microscopy platform. The vertical gap modes in metal nanoparticle-film constructs can also be preferentially excited with the near-field configuration, which utilizes the propagating surface plasmons at metal surfaces ( Figure 5B ) [17, 66] . Beyond the interband transition band of metals, the out-of-plane polarization components of propagating surface plasmons near the metal surface can be significantly stronger than their in-plane counterparts (with a typical amplitude ratio 2 for gold above 600 nm). Such field characters of surface plasmons near the metal surface thus render the nearfield illumination configuration favorable for excitation of the vertical gap modes. However, in some studies, pure inplane polarizations are preferred for studying the in-plane asymmetric properties of plasmonic nanostructures, while simultaneously requiring the exclusion of out-ofplane responses. The creation of such kind of polarization states in the focal plane has been demonstrated by using coherent white light lasers. As illustrated in Figure 5C , the out-of-plane field components with defined polarization directions exist in the focused beam but suffer destructive interference in the focal plane, leaving the pure inplane polarization field components. The pure in-plane polarization can be oriented by simply rotating a halfwavelength plate inserted in the excitation path [65] . Such polarization configurations are particularly suitable for studying the transverse plasmon couplings in the metal particle-film nanocavities [19, 65, [67] [68] [69] .
The above concerns in dark-field spectroscopy of single nanostructures also exist in laser-based spectroscopy applications, e.g. fluorescent imaging and nonlinear optical spectroscopy. Efficient excitation of the gap plasmons in MPoFNs for strong field enhancement is not readily available in laser-based spectroscopy because the commonly used laser beams are transversely polarized. Although the focused laser incidence striking the individual nanostructures can be set off-axis to increase the amplitude proportion of longitudinal field component (similar to that in Figure 5A ) [23] , the excitation efficiency is quite low. Besides, the difficulties in its optical alignment hinder it readily integrated to the (A) Schematics of the illumination configuration in standard dark-field microscopy systems (left) and oblique incidence arm constructed for polarization controllable illumination (right). Extracted from [62] . (B) Excitation of the gap plasmons with propagating surface plasmons generated at metal surfaces. (C) Dark-field microscopy system integrated with a coherent light source generates pure in-plane polarization in the focal plane. The orientations of the in-plane polarization can be tuned by rotating the broadband half-wavelength (λ/2) plate inserted in the excitation path. Extracted from [65] .
common spectroscopy platforms. To address this issue, laser beam engineering based on vectorial optics has been utilized to tailor the polarization states ( Figure 6A ) [70] [71] [72] . It has been found that the longitudinal field intensity dominates the total field intensities in the focal plane after focusing a radially polarized laser beam [73] . Obviously, this beam configuration can be utilized to preferentially drive the longitudinal polarization-sensitive optical processes [74] and efficiently excite the gap plasmons in the metal film-coupled nanostructures for enhanced light-matter interactions [75] . Another easy-toperform solution for increasing longitudinal field intensity in the excitation is using highly focused scalar laser beams [71, 76, 77] . Taking a linearly polarized beam as an example ( Figure 6C-E) , when focused by an objective with moderate numerical aperture (NA), a small fraction of longitudinal field component emerges in the focal plane. This depolarization effect also holds true for other incidence polarizations (circular polarization, etc.) and vectorial beams. Generally, the intensity weight of these nontransverse components in the total power largely depends on the NA of the focusing objectives ( Figure 6D ). Larger objective NA means more power energy transformed into the longitudinal field components in the focal plane. Thus, objectives with large NA are favorable for prompting the excitation efficiency of the gap plasmons in MPoFNs.
In addition to experimental characterization of MPoFNs, analytical models and numerical tools are often required to help in understanding the observed plasmonic responses. Besides the dipole-image model within electrostatic approximation (depicted in Figure 1B) , an approach based on the multiple scattering process [78, 79] ( Figure 7A ) has been introduced to describe the fundamental optical properties of substrated nanoscatters. The main idea of this approach is that the total electromagnetic waves within the domain enclosing the scatters can be decomposed into four wave components: incident wave V I , reflection of the incidence by film without the nanoparticle V IR , scattered wave from the nanoparticle W S , and the reflection of scattered wave from the nanoparticle by the metal film V SR . With introduction of the scalar Debye potential to represent the field components, a complete analytical solution can be derived to account for the far-field plasmonic responses of individual nanoparticles on film.
Another analytical approach for determining the plasmon resonances of the individual MPoFN is the generalized circuit model developed by Felix Benz et al. [80] . By introducing a high-frequency circuit composed of inductors, resistors, and capacitors ( Figure 7B ), a simple analytical expression for describing coupled plasmon systems can be derived. This model can not only predict the resonance wavelength of coupled plasmonic cavities with both the conductive and capacitive interactions but also reveals the scaling rules of the plasmon resonances of coupled plasmon systems.
The aforementioned models offer qualitative, even quantitative, descriptions of the plasmon resonances supported in MPoFNs and make it possible to derive analytical results in line with the experimental observations. However, the applicable nanoscatters are limited to MPoFNs comprising of single nanoparticles with simple geometries such as nanospheres. The plasmon hybridization (PH) model proposed by Peter Nordlander and coauthors [82, 83] has been frequently utilized to describe the plasmon coupling interactions in complex nanostructures. As a close analogy to the atoms forming a molecule, the plasmon response of coupled plasmonic nanosystems can be understood by the PH between the elementary plasmons supported by constitute nanoparticles. Although this treatment is physically intuitive, the currently available quantitative solutions for coupled plasmonic nanostructures are limited to several geometries [83] [84] [85] , nanosphere dimers, core-shell nanospheres, etc., largely because of the difficult mathematical treatments for geometries with greater complexity. As for MPoFNs, the complete analytical solutions by the PH model had been found only for the single nanoparticles case [86] . Moreover, the PH model still relies on numerical simulations to derive the optical properties of plasmonic nanostructures. Transformation optics (TO), developed by John Pendry et al. [87, 88] , provides a powerful tool to analytically solve coupled plasmon problems. By conformal mapping, the complex plasmonic nanostructures of interest can be transformed into a simpler plasmonic system that can be solved analytically. Although the TO approach offers unique physical insight of surface plasmons in coupled nanostructures, it readily works within the electrostatic approximation (i.e. applicable to small [80] . (C) Simulation configurations for substratednanostructures with the two-step strategy. The nanoparticle is set invisible in the first simulation step to calculate the background field, which is then used to excite the complete structure. PML is short for perfect matching layer. (D) Near-to-far-field transformation approach developed to extract the angular patterns of both the free-space radiation and the guided modes. The figure in the left column illustrates the radiation dynamics for nanostructures atop layered substrates excited by a dipole source. The right figure shows the free-space (red) and guided-mode (blue) radiation patterns of the structures in the left figure, as well as their spectra of radiative decay rates. Extracted from [81] . nanosystems) and mostly applies to planar nanostructures [89] [90] [91] [92] . Thus, revisits of the metal nanoparticles coupled to film system with TO are currently limited to cases of relatively small nanoparticles [93] and nanowires on metal surface construct in which a 2D analytical frame was adopted [94] .
In light of the above concerns, full-wave numerical simulations based on finite difference time domain and finite element methods (FEM) are widely utilized to assist the understanding of experimentally observed optical responses of plasmonic nanostructures [95, 96] . Being different from the isolated plasmonic entities, the single metal film-coupled nanostructures involve a finite-sized component (i.e. the nanoparticle) and an infinite large metal substrate. Taking a commercial FEM simulation package, COMSOL Multiphysics, as an example, it calculates the optical response of a scatter with a predefined background field, typically a plane wave in homogeneous media. However, when dealing with layered structures, for example with an infinite large substrate being present, the background field in the calculation domain will no longer be a plane wave due to the reflection and transmission at the surface of the substrate. A compromised treatment to this issue is using a two-step simulation configuration [19] . As depicted in Figure 7C , in the first simulation step, the background field is calculated with the absence of the nanoparticle. Then, the nanoparticle is set active in the second step, and the background field obtained in the first step is then used as the excitation to calculate the scattering field. Based on the scattering field, not only the spectral responses can be calculated, but also the angular radiation distribution can be derived with a near-to-far field transformation approach based on reciprocity arguments ( Figure 7D ) [81] .
The fundamental plasmonic responses
The linear optical properties of individual MPoFNs are largely determined by their plasmon resonances, which can be usually identified from the far-field scattering responses. Dark-field spectroscopy indicates that the scattering responses of film-coupled nanostructures are dominantly determined by the dipolar plasmon couplings between the nanoparticle and the underlying film. Within the dipole approximation (as illustrated in Figure 1B ), a vertical bonding dipole plasmon (V-BDP) mode emerges when the vertically polarized nanoparticle dipole couples to its induced dipolar charges in the underlying film.
This V-BDP mode is featured with significantly enhanced radiation efficiency with respect to that of the single particle, typically manifested by a prominent resonance peak in the scattering spectrum as well as a doughnut-shaped scattering pattern ( Figure 8A ). Likewise, the transversely polarized nanoparticle dipole would induce an image dipole underlying film but with opposite polarity, resulting in a transverse bonding dipole plasmon mode with suppressed radiation. Because of these distinct dipole bonding directions, MPoFNs exhibit polarization-dependent plasmonic responses [62] . As indicated in Figure 8B , different plasmon modes can be selectively excited with specified incidence polarizations. Beyond the dipole approximation, the high-order modes in the film-coupled nanoparticles have been ambiguously identified in experiments but remain too weak to be resolved [78] . Changing the nanoparticle size or the particle-film gap distances can modify the plasmonic response of MPoFNs ( Figure 8C-D) . Particularly, the V-BDP modes are shown to have extraordinarily high sensitivity to the gap distances. Even sub-nanometer scaled decreasing of the nanoparticle-film distance can significantly red-shift the resonance within the visible-near-infrared spectral range, accompanied by an intensified field localization within the tighter gap nanocavity. However, the red-shifting and field localization of the V-BDP modes are limited by nonlocal [22, 37] and electron tunneling [23, 98] effects emerging at extremely narrow gap distance (say, <1 nm). Due to radiation losses, the dipolar plasmon modes of single metal nanoparticles usually possess broad resonance linewidth. It was found that placing the aluminum nanoparticles near the metal surface can significantly reduce the scattering resonance linewidth ( Figure 9A ), thus improving the quality factor of the plasmonic cavity [99] . It has been confirmed that such resonance linewidth narrowing is caused by the reduced radiation loss resulting from PH between the electric dipole and quadrupole modes. This linewidth shrinking is also predicted for other metal nanoparticles when placed atop a metal substrate but is not noticeable for gold due to its lower plasma frequency ( Figure 9B ) [17] . Nevertheless, pronounced resonance linewidth shrinking was observed for gold nanoparticle dimers on film ( Figure 9C ) [32] . Besides the reduced radiation loss, it was found that the red-shifting of the dimer resonance beyond the interband transition band largely reduces the nonradiative loss, thus leading to much narrower resonance linewidth compared to that for the nanoparticle monomers on film.
It is worth noticing that the local nanogap geometries and the gap contents can also dramatically modify the plasmonic responses of MPoFNs. It is well understood that the gap plasmon resonances exhibit high sensitivity to the refractive index of the spacer materials, where strong field localization occurs [100] . Besides, the conductivities of the gap contents (conductive molecules, graphene, etc.) are shown to impact the plasmon coupling. For a plasmonic nanoparticle dimer directly deposited on metal surface, electrically connecting between the constitute nanoparticles via the conductive substrates can produce the so-called charge transfer plasmon (CTP) mode [101, 102] , featured with a dipolar nature formed by two monopoles with opposite charges in the nanoparticle dimer ( Figure 10A-B) . More generally, the conductive bridging between the nanoparticle and the underlying film can be switched on and off by properly selecting the spacer materials with different conductivities. It has been reported that a strong 50 nm blue-shift of the gap plasmon resonances can be obtained by replacing the gap-hosted insulating molecules with a chemically equivalent conductive version differing by only one atom ( Figure 10C ) [103] . With photochromic molecules incorporated into the gap region, a dynamic control of the gap junction conductivities has been recently demonstrated in the metal film-coupled nanoparticles [104] . When exposed to an ultraviolet (UV) light environment, the gap plasmon resonance exhibits a large blue-shift even surpassing the resonance linewidth (~71 nm), corresponding to an on/off ratio up to 9.2 dB and a tuning figure of merit up to 1.43.
In addition to the plasmon resonances resulting from plasmon couplings, waveguide-like resonances emerge in the narrow particle-film gap cavities, when the film-coupled nanoparticles do not have a pointcontacting interface facing the gap, such as nanorods [105, 106] , faceted nanospheres [107] , and nanocubes [19] . These modes show similar local field profiles with those of transverse plasmon cavity modes sustained by optical metal-insulator-metal patch antennas [108, 109] . Different from the antenna modes produced by longitudinal plasmon coupling between the nanoparticle and underlying film, these cavity modes exhibit much lower radiation efficiency and can tightly confine energy into the nanocavities. Nevertheless, the PH of antenna modes and cavity modes enables the observation of these dark modes in the far-field scattering ( Figure 10D ). Besides, it has been found that these cavity modes can be strongly modified by the particle-film gap distances and the size of the plane facing metals rather than the nanoparticle size [107] . This exquisitely sensitive-to-gap morphology allows for tracing atomic-scale changes in the nanogaps. Monitoring the light-induced atom reconstruction process has been successfully demonstrated by tracing the evolution of the cavity mode resonances in scattering [67] , and even the induced structural asymmetry can be revealed through analysis of their polarization responses ( Figure 10E ) [65] . In the film-coupled nanoparticles with facets, the external UV radiation can drive the atom migration toward the particle bottom. Such migration of atoms would not only increase the facet size but also can cause the formation of a metal protrusion progressively approaching the underlying film, particularly when the spacer content is not so robust. With continuous irradiation, the protrusion finally contacts the film, forming a metal filament electrically connecting the particle and the underlying film. This geometry transition can dramatically affect the hybridization of the plasmonic antenna modes and the transverse cavity modes, thus enabling real-time tracking of the optical welding process through the groove cavity modes in plasmonic nanocavities [110] .
Importantly, the lowest-order cavity modes in MPoFNs can be attributed to magnetic dipolar modes that show strong confinement of magnetic fields inside the particle-film nanogaps ( Figure 11A ). This magnetic response has been particularly addressed in faceted nanospheres, relatively large metal spheres [112, 113] , and nanocubes [19] when all coupled to a metal film, as well as rectangular patch nanoantennas [114] . Specially, in large metal spheres on film, this magnetic mode can be spectrally tuned to overlap with the broad particle transverse dipole mode, which leads to pronounced Fano (A) Aluminum nanoparticles closely separated from metal film (black curves) result in reduced resonance linewidth with respect to its counterpart on silica (blue curves). This effect can be more evidently observed for larger nanoparticles. The lower two panels show the scattering spectra of differently sized aluminum nanoparticles (180 nm and 100 nm) on aluminum film and silica substrate. Extracted from [99] . (B) Comparison of the resonance linewidth of gold nanoparticle monomer on silica (blue) and gold film (orange). The metal film-induced linewidth narrowing seems not so pronounced for the gold nanoparticle monomer. The inset illustrates the light excitation configuration. (C) Replacing the silica substrate of the gold nanosphere dimer significantly reduces its plasmon resonance linewidth. The individual gold nanoparticle monomers are 100 nm in diameter and coated by a cetyltrimethylammonium bromide (CTAB) layer with thickness ~1 nm. Extracted from [32] .
resonance enabling Raman spectroscopy enhancement ( Figure 11D-E) . Due to their magnetic response, these gapped nanoresonators hold great potentials as building blocks for novel metamaterials [115] . For example, the colloidal nanocubes self-assembled on metal surface can form an optical equivalent of grounded patch antenna [116] . The induced magnetic currents in single patch provide a phase offset over the electric currents. Properly tailoring the resonance properties can make complete canceling between the respective currents and thus efficiently suppress the wave outcoupling ( Figure 11B ). Since this phase manipulation is insensitive to the interparticle interaction, closely spaced such colloidal nanoparticles randomly assembled on metal film can create a large scale yet highly efficient metasurface absorber within the visible-near-infrared range [111, 117] .
More complex plasmonic particle-on-film nanocavities can be created by placing bonded plasmonic nanoparticles (nanoparticle dimers, trimers, etc.) atop metals. While these plasmonic structures can provide rich plasmon resonances [46] , the coexistence of particle-particle and particle-film plasmon couplings largely complicates the understanding of their plasmonic responses in an intuitive way. However, a semi-analytical approach is available for the simplest case where a metal nanoparticle dimer is coupled to a metal film. Resorting to simulation results, it has been revealed that, when the incident light is polarized along the dimer axis, the plasmonic responses of the individual film-coupled nanoparticle dimers are determined by the plasmon coupling between the particle-particle bonding dipole and the induced dipole charges in metal film [118] . As illustrated in Figure   Figure 10 : Influences of gap contents and morphologies on the gap plasmons. (A) A gold nanodisk dimer electrically connected via the underlying metal film produces CTP mode (labeled as ③ in red curve). The blue curve corresponds to scattering measurement of its counterpart deposited on silica substrate. (B) Simulated charge distributions for the modes indicated in (A), which clearly resolve a CTP mode for the dimer with a conductive bridge formed in the underlying metal film while a dipolar bonding mode for the one with an insulating gap when placed on a dielectric substrate. Extracted from [101] . (C) The conductivities of the gap contents have a large impact on the gap plasmon resonances. The inset shows the artistic illustration for the plasmon modulation mechanism with gap conductivities. Redrawn from [103] . (D) Faceted gold nanospheres coupling to metal film produce transverse cavity modes that are intrinsically dark but can be hybridized with the radiative gap antenna modes for monitoring the gap morphology changes from the far field. Redrawn from [67] . (E) The polarization responses of the cavity modes help to reveal the geometry asymmetry of the particle-film nanocavities. The linear polarization orientations are continuously rotated in the substrate plane. Extracted from [65] .
12, the vertical and horizontal bonding between the real dimer dipoles and their images in the metal film predicts two prominent resonances, well consisting with the experimental observations in [32, 62] . When the incident light is polarized along the substrate-norm direction, only the particle-film plasmon couplings can be activated. In Figure 12 : Plasmonic responses of a gold nanoparticle dimer on a thin gold film when the incident plane wave is polarized along the dimer axis. The left panel shows the numerically calculated averaged near-field enhancement factor spectra for different particle-particle gap distances denoted as "g," while the diameter of the nanoparticles and the particle-film gap distance are fixed at 120 nm and 2 nm, respectively. Two prominent plasmon resonances, labeled as I and II, respectively, are resolved in the near-field enhancement factor spectra. Resonance I originates from the vertical bonding between the dimer dipole and the induced charge dipoles, while the horizontal bonding is responsible for the emerging of resonance II, as confirmed by their corresponding surface charge distributions given in the right panel. Redraw from [118] . [19] . (B) The reflectivity measured for the metasurface formed by high-density nanocubes self-assembled on the metal film. The right image presents the sample illuminated by a laser spot with a diameter slightly larger than the sample area. The bottom sub-images present the sample appearance under illumination of different wavelength laser beams. The red ring-shaped patterns suggest strong light absorption at the illumination wavelengths. (C) False-color rendered SEM image of the metasurface. The inset illustrates the structure of individual patch antenna as the metasurface elements. Extracted from [111] . (D) The electric displacement vector indicating the formation of a magnetic dipole in the particle-film junction. (E) Scattering and absorption of large nanoparticles coupled to a metal film. The broad nanoparticle resonance destructively interferences with the gap-mediated magnetic resonance, resulting in the Fano resonance manifested by the dip in scattering spectrum. Extracted from [112] .
the scattering, the film-coupled dimer shows a resonance peak similar to that of a film-coupled monomer, but with nearly doubled radiation intensity (refer to Figures 8 and  16D ). This mode actually corresponds to the antibonding of the two vertical particle-image dipole in single filmcoupled monomers [62] .
We have noticed that the dielectric nanostructures with high refractive index have received increasing research interest in recent years [120] . These structures support rich electric and magnetic multipole Mie-type resonances and can also be placed atop metals to modify their mode responses. The research topics associated with these dielectric-metal hybrid nanostructures have been addressed in a number of studies; the interested reader may refer to [121] [122] [123] [124] .
In the subsequent sections, we will review the advanced applications benefitting from the plasmonic nanocavities formed by metal nanoparticle-on-film structures, which includes several topics covering the SERS spectroscopy, spontaneous emission, photocatalysis, and molecular nanochemistry. Each section begins with a brief introduction of the topic background, followed by a detailed discussion and review, which demonstrate the unique advantages or opportunities of MPoFNs offered for such spectroscopy applications and extreme physical effects.
Raman spectroscopy and cavity optomechanics
Raman spectroscopy is the method used to study inelastic light scattering in matters, usually molecular systems. The frequency shift of the scattered light with respect to the incident photon produces the Stokes or anti-Stokes scattering components ( Figure 13A ), which can provide detailed chemical and structural information on the material systems. However, the Raman scattering cross-sections of common active molecules are found to be intrinsically small (typically 10 10 times smaller than the absorption cross section of fluorescence) [127] , resulting in a rather low detection efficiency, limiting their practical applications. Since the first demonstration of plasmon-assisted Raman spectroscopy [128] , SERS has received intensive investigation during the past two decades. It has now been well established that the SERS observed at rough metal surface or in plasmonic nanostructures dominantly (A) Energy diagram illustrating the Raman processes, including the stokes, anti-stokes, and resonance enhanced Raman. Redrawn from [63] . (B) Raman scattering enhancement by the strong field localization in the metal particle-film nanocavities. Bottom images show the Rayleigh (left) and Raman (right) scattering patterns of individual plasmonic nanocavities coupled with malachite green isothiocyanate (MGITC). Extracted from [125] . (C-D) Artistical view of the plasmonic nanogaps hosting Cucurbit [7] uril filled with Raman active molecules. The distinct Raman features resolved for the different gap contents and their configuration demonstrate the ability to monitor molecular dynamics at the nanoscale. Extracted from [126] .
originates from the strong field localization due to LSPs as well as the chemical enhancement due to induced charge transfer between metals and molecules, although with negligible contributions. Thus, SERS research in the near past has been oriented to practical applications, particularly toward the development of highly efficient SERS substrates for biochemical sensing with single-molecule sensitivity and advanced Raman spectroscopy tools enabling nanoscale chemical imaging.
The nanogaps formed by metal nanoparticles on film enable extremely strong localization and field enhancement of incident electromagnetic waves, thus acting as excellent plasmonic substrates for large SERS enhancement [125, 129] . Although the absorption dipole moments of self-assembled Raman molecules within the particlefilm nanogaps preferentially lie in the substrate plane, significant Raman scattering signal can be detected when the gap plasmon resonances are spectrally tuned to match the molecule absorption resonance and roughly the excitation wavelength ( Figure 13B ). The radiation patterns of such SERS signal from single nanoparticles on film exhibit doughnut-shaped profiles, similar to that of Rayleigh scattering at the wavelength of gap plasmon resonance, suggesting that a small number of molecules roughly aligned along the local plasmonic fields contribute to the total Raman signals. When the absorption dipoles of the Raman molecules are optimally aligned with the particle-film nanocavity, the Raman signals from single molecules can even been captured (Figure 13C-D) . This extraordinarily enhanced SERS efficiency by MPoFNs thus renders them excellent SERS probes to explore the local plasmonic fields [93, 130] and monitor the molecular and chemical dynamics at the nanoscale [126, 131] .
Conventional Raman scattering from bulk materials is size independent. But distinct Raman responses can be predicted when the bulks are shrunk to the nanoscale. This has been extensively demonstrated with the layered 2D semiconductor materials, which exhibit layer-dependent Raman features [132] . However, the dominant Raman responses originate from the in-plane-polarized modes. A recent study using MPoFNs successfully resolved the out-of-plane Raman modes of nanometer-thick semiconductor platelets [133] , which is confirmed impossible with the excitation configuration in conventional Raman spectroscopy setup or accessible only with complex nearfield probe technologies such as tip-enhanced Raman scattering [134] . It has been revealed that the dominant longitudinal field components within the nanogap selectively excite the out-of-plane vibrational modes, while the usually bright in-plane modes are largely suppressed due to weaker in-plane field components (Figure 14) distributed near the gap junctions. Likewise, the same strategy is also adopted to resolve the out-of-plane emission of dark excitons in 2D materials, using a similar plasmonic nanocavity formed by a metal tip hanging above the metal film, but with significantly reduced collection efficiency of optical signals [135] .
Importantly, the ultracompact MPoFN offers a promising platform to study the molecular cavity optomechanics that focuses on the interaction between light and molecular vibrations inside cavities [136] . Pulsed Raman scattering of molecules embedded in metal particle-film nanogap reveals superlinear Stokes emission above a threshold ( Figure 15C-D) , suggesting a reversible optomechanical driving that is the precursor of molecular parametric instability (equivalent to a phonon laser or "phaser" regime) [137] . It has also been found that the induced cavity and molecular changes at a high pump rate can terminate this phonon amplification process. Nevertheless, the laser-activated mobilization of surface atoms in the gap junction can be significantly suppressed The out-of-plane phonon modes of the nanometer-thick semiconductor platelets are successfully resolved by sandwiching them in the particle-film nanogaps (left), while their cavityfree counterpart shows only the in-plane modes, which exhibit thickness-independent responses. The inset shows the schematic construct of the nanostructures in the studies. Redrawn from [133] .
at cryogenic temperatures. This allows the formation of a stable atomic-sized metal protrusion, functioned as a picocavity ( Figure 15A-B) , to be probed for many minutes [28] . The ultrastrong light localization by these picocavities not only alters the number and variety of vibrational modes of trapped molecules but also enables optomechanics enhancement at the single-molecule level.
Spontaneous emission and photoluminescence enhancement
Spontaneous emission corresponds to the process in which a quantum emitter system (such as an atom, a molecule, or a quantum dot [QD]) transits from an excited energy state to a lower energy state (e.g. ground state) and relaxes the energy difference via emitting a photon. This emission mechanism underlies most of light phenomena such as fluorescence, luminescence, phosphorescence, etc. According to Fermi's golden rule, the spontaneous emission rate not only depends on the intrinsic properties of the emitter itself but also can be modified by the extrinsic electromagnetic environments. In general, the spontaneous decay rate of a dipolar emitter is given by
where ω is the emission frequency, p is the dipole moment of the emitter, r represents the position, ε 0 is the free space permittivity, and γ 0 int is the nonradiative decay rate of the emitter. The local density of optical states (LDOS) ρ ω ( ) , r is written as
where n p is the orientation of the transition dipole and ( , ) G r r is the dyadic Green's function, which describes the electric field interaction with the emitter due to its own radiation.
Considering the influence of the LDOS on the decay rate, early approaches concentrate on integrating emitters into dielectric micro-resonators to achieve spontaneous emission enhancement. The acceleration of spontaneous (A) Near-field intensity distribution in the gold particle-film nanocavity. Within this nanocavity, a gold protrusion with atomic size forms a picocavity, which results in cascaded ultrastrong plasmonic confinement. Insets show the enlarged near-field intensity distribution within the nanogap to highlight the picocavity (left) and the picocavity enabled cascaded field enhancement (right). Redrawn from [28] . (B) Low-temperature time-series SERS spectra of monolayer biphenyl-4-thoil (BPT) incorporated into the single gold particle-film nanocavity. The observed vibration modes can be divided into two sets: the first set is ever-present with constant intensity, and the other set is with blinking appearance, which suggests a single molecule event. Extracted from [28] . (C-D) Stokes SERS spectra of BPT molecules inside the gold particle-film nanocavities with excitation by pulsed lasers and pump power dependences of the emission intensity of the SERS signals and their background. Inset in (C) shows the schematic of the hybrid structure of BPT monolayer sandwiched inside the particle-film nanocavity. Extracted from [137] .
decay rate with resonators, known as Purcell effect, can be expressed as the ratio of the decay rate of the emitter in the resonator to that in the vacuum environment. In dielectric resonators, the Purcell factor can be formulated as ~, P Q F V in which the quality factor Q represents the photon confinement with respect to time, whereas the mode volume V represents it with respect to space [138] . Achieving large Purcell factors requires the dielectric resonators to possess large Q factors or/and small mode volumes. Dielectric cavities can have relatively large Q factors at cryogenic temperature but are typically <100 at room temperature. In addition, their mode volumes can hardly reach the sub-wavelength scale for further confinement of light. In addition, to optimize the cavity-emitter coupling, significant fabrication effort is required to spectrally tune the narrowband cavity mode to match the emitter emission. Plasmonic cavity structures often suffer significant metal dissipation and radiation loss and thus are featured with relatively small Q factors (typically below 100). However, their broad resonance linewidth can largely facilitate the spectral matching between the cavity modes and the resonance of embedded emitters. In plasmonic cavities, the Purcell factor is corrected as [139] . Due to the strong field confinement of LSPs, the corresponding cavity mode volumes can readily be shrunk to the deep-subwavelength even sub-nanometer scale. MPoFNs are especially attractive plasmonic platforms for obtaining large spontaneous emission enhancement, not only because they support cavity plasmonic modes with ultra-small mode volumes but also because of their flexibly tunable resonance positions and ease of integrating emitters into the particle-film nanocavities.
A large variety of emitters can be fed into MPoFNs, such as fluorescent molecules [140] , QDs [141] , nitrogenvacancy centers [142] , and monolayered 2D semiconductor materials [143] . By sandwiching a thin dye molecule layer in between a silver nanowire and film ( Figure 16A ), Kasey J. Russell and coworkers reported radiative spontaneous emission rate enhancement approaching three orders of magnitude with respect to that of the cavity-free [25] . (B) Single semiconductor QDs coupled to the patch nanoantenna enables an ultrafast emission rate, creating an efficient yet bright single photon source. The blue curve represents the emission decay for single QDs on glass, while the red one, for nanocavity-coupled single QDs. Extracted from [119] . (C) Two-dimensional semiconductor materials sandwiched in the nanoparticle-film nanocavity largely enhance their light absorption and photon yield simultaneously. The gray curve corresponds to the scattering response of the nanocavity structure. Redrawn from [31] . (D) Enhanced spontaneous emission of the gold nanoparticle dimers on film. The pronounced emission linewidth shrinking of the dimer on gold film with respect to its counterpart on glass suggests an emission process through radiative plasmon decay. Extracted from [32] .
emitters [25] . Despite the close proximity of metal surfaces, the emitters positioned in the nanocavity exhibit high internal quantum efficiency. Gap size control experiments and calculations revealed that the strengthened coupling between the molecule emission and plasmon cavity modes at reduced gap distance is responsible for the enhanced emission intensity. While the spontaneous decay can be decomposed into the radiative and nonradiative channel, it has been revealed that the radiative decay dominantly contributes to the total decay rate. Replacing the nanowire with a plasmonic nanoantenna, such as nanocubes (Figure 16B ), the plasmon-assisted emission enhancement can be further improved through the optical antenna effect [26] . With spectral matching between the cavity antenna mode and the emission of the emitter, a quantum efficiency as high as >0.5 can be obtained, while simultaneously maintaining highly directional emission. By varying the size of the nanoantenna, the cavity plasmon resonances can be tuned across a wide spectral band, encompassing the excitation, absorption, and emission of the emitters, and thus renders a strategy to control the radiative spontaneous emission process via plasmons [140, 144] . Semiconductor QDs stand for a promising spontaneous emission source because of their size-dependent emission wavelength, high quantum efficiency at room temperature, and excellent photostability [145] . Integrating QDs into the particle-film nanocavity has demonstrated not only significantly enhanced spontaneous emission intensity but also ultrafast (<11 ps) emission rate [146] . Particularly, the size of semiconductor QDs is typically on the 1-10 nm scale. This largely relaxes the difficulty in positioning single photon emitters into the sizable particle-film nanocavity, thus providing an excellent candidate for creating efficient and bright single photon sources at room temperature [119, 142] . The special geometry of MPoFNs is particularly attractive for the newly emerging semiconductor 2D materials. The monolayered semiconductor materials, belonging to a direct band type, are fluorescent and natural candidates for being as the loading emitters [147] . The semiconductor 2D materials are typically featured by low light absorption and emission efficiency [148] , but enhanced light-matter interactions can be achieved by integrating them into plasmonic nanostructures [149] [150] [151] [152] . As discussed in Section 4, the film-coupled nanostructures usually support multiple plasmon resonances due to the strong near-field interaction between the plasmonic elements. These tunable multiple resonances make it possible to spectrally match one of them with the absorption peak of the fluorescent 2D materials, while another one with its emission peak. Such spectral mode-matching configuration, together with spatial overlapping between the matched modes ( Figure 16C ), permits a significant absorption enhancement for the cavity-coupled emitters at the excitation wavelength and, simultaneously, a large photon yield at the emission wavelength [31, 144] .
For the emitter-free nanoparticle-film cavities, even the intrinsically weak spontaneous emission of the metal itself can be strongly enhanced by the ultrastrong mode confinement [153] . Intense emission has been observed in single gold film-coupled nanoparticles dimer [32] . While this nanoconstruct is featured by multiple gap nanocavities, i.e. the particle-particle and particle-film gaps, calculation results reveal that the metal atoms near the particle-film gaps dominantly contribute to the total emission enhancement. The measured emission shares similar spectral characters with their scattering, unambiguously confirming the nature of the emission process through radiative plasmon decay ( Figure 16D ). Nevertheless, the mechanism for light emission from plasmonic metals remains controversial [153] [154] [155] [156] . For excitation photon energies below direct interband transitions, the recent study with metal nanoparticles-on-film constructs confirms that light emission by plasmonic metals cannot be ascribed to the common "luminescence " due to intraband transitions but governed by the prompt electronic Raman scattering (ERS), which does not require carrier relaxation [157] . Compared to MPoFNs composed of Au, significant emission improvement was observed with Ag, consisting with the prediction by ERS model. It has to be pointed out that in these MPoFNs with ultrasmall nanogaps, the emission quenching effect is not as pronounced as in the common case that an emitter closely approaches bare metal surfaces [158] . Instead, the emission quenching effect is significantly suppressed, largely due to the increased radiation efficiency of high-order modes through which the emission decays [159, 160] .
While the spontaneous emission enhancement with resonators addressed here is restricted to MPoFNs, a number of comprehensive reviews describing the spontaneous emission process in a wide spectrum of resonant structures, including both the conventional dielectric microcavities and metal-based plasmonic nanocavities, can be found in the appended references [161, 162] .
Photocatalysis and nanochemistry
MPoFNs also demonstrated their vast potential in photocatalysis and nanochemistry applications. Past studies confirmed that the strong field localization can significantly prompt the production of electron-hole pairs in the nanogap-hosted cadmium selenide (CdSe) nanoplatelets ( Figure 17A ), which largely facilitates hydrogen production using solar-powered water splitting [163] . Upon resonant excitation, an Au/TiO 2 -dumbbell-on-film nanocavity serves (A) The plasmonic fields in the nanoparticle-on-film establish an initial hot carrier population following the near-field distribution (lower-left, inset shows the carrier population). Such distribution allows for the coherent tunneling of electrons between the facing metals. As illustrated in the right column, this tunneling can transit to the hopping type when embedding molecules that increase the tunneling barriers, rendering the observation of single-molecule redox chemistry. Extracted from [165] . (B) Experimental setup for tracking single-nanoparticle-based nanoelectrochemistry (left) and measured SERS spectra under different biases. Extracted from [166] . (C) The large field localization in the metal particle-film nanogap enables ultrastrong coupling between the gap plasmons and the acoustic modes, which can help to measure the contact area of individual nanoparticles. Extracted from [167] .
as an efficient light absorber and hot-carrier generator in the visible region, resulting in remarkable enhancement of both the photocurrent production and chemical reaction rate at the TiO 2 surface ( Figure 17B ) [164] .
In the electrochemistry experiments in Figure 18B , applying a negative bias over the particle-film gap junction leads to enhanced Raman signals for all vibrational modes of the cavity-hosted molecules [166] . This has been confirmed to be caused by the H + reduction from the solvent electrolyte environments. Such ion transport further results in competition between the nanoparticle charging and the electron tunneling through the gapped molecule layer, which establishes nonequilibrium currents to shift electrons along the molecule layers and change the SERS intensity. These effects demonstrate that the isolated metal particle-film nanogap junction can be exploited to track the dynamics of nanoscale electrochemistry, possible even at the single molecule level ( Figure 18A ) [165] .
The metal nanocavities formed by nanoparticle-film constructs are believed to benefit probing other physical effects and processes, such as plasmonic coupling to mechanical vibrations enabling the characterization of acoustic resonances via gap plasmons ( Figure 18C ) [167] . Too many research and application aspects remain to be explored with this advanced plasmonic platform, but our review and discussions will end here.
Conclusion and outlook
In this overview article, we comprehensively reviewed many aspects of MPoFNs, including the fabrication techniques of constructing such nanostructures with atomically smooth surface and controllable gap distance ranging from a few angstroms to tens of nanometers, the typical optical setups and configurations to characterize their plasmon responses, discussions with great details on their rich plasmon modes and promising applications in SERS spectroscopy, spontaneous emission, as well as the vast potential in photocatalysis and nanochemistry.
It has to been pointed out that while most of the studies reviewed here involve the plasmonic nanocavities formed by single nanoparticles coupled to film, the studies about complex nanostructures (dimers, trimers, etc.) coupled to films remain relatively scarce [32, 118] . Such advanced structures with multiple particle-particle and particle-film plasmon couplings are expected to offer richer resonances and more freedoms to tailor their optical properties. In addition, precise placement of single dipole emitters into the plasmonic nanocavity for optimal coupling has always been a challenge but is highly required for achieving spontaneous emission enhancement and light-mater interaction in the strong coupling regime. Although the single-molecule strong coupling has been demonstrated with such gold particle-film nanocavity, the loading of the single molecule into this nanocavity in an optimal configuration still remains an occasional event [27] . More reliable approaches need to be developed to fulfill the advantages offered by MPoFNs.
